New Simplified Algorithm for the Multiple Rotating Frame Approach in Computational Fluid Dynamics by Remaki, L. et al.
New Simplified Algorithm for the Multiple
Rotating Frame Approach in Computational Fluid
Dynamics
Lakhdar Remaki




















Professor, Member of ASME
University of the Basque Country












This paper deals with rotating effects simulation of steady flows in turbomachinery. To take
into account the rotating nature of the flow,the frozen rotor approach is one of the widely used
approaches. This technique, known in a more general context as a multiple rotating frame
(MRF), consists on building axisymmetric interfaces around the rotating parts and solve for the
flow in different frames (static and rotating). This paper aimed to revisit this technique and
propose a new algorithm referred to it by a virtual multiple rotating frame (VMRF). The goal is
to replace the geometrical interfaces (part of the Computer Aided Design (CAD)) that separate
the rotating parts are replaced by a virtual ones created at the solver level by a simple user input
of few points locations and/or parameters of basic shapes. The new algorithm renders the MRF
method easy to implement, especially for edge-based numerical schemes, and very simple to use.
Moreover it allows avoiding any re-meshing (required by the MRF approach) when one needs to
change interface position, shape or simply remove or add new one, which frequently happened
in practice. Consequently, the new algorithm reduces sensibly the overall computations cost of
a simulation. This work is an extension of a first version published in an ASME conference,
and the main new contributions are the detailed description of the new algorithm in the context
of cell-vertex finite volume method, and the validation of the method for viscous flows and the
three-dimensional case which is of a big importance to the method to be attractive for real and
industrial applications.
Nomenclature
V Volume of computational domain, m3
ρ Density, kg/m3.
ui Velocity components, m/s.
E Total energy per unit mass, N.m/kg.
e Internal energy per unit mass, N.m/kg.
p Pressure, N/m2.
δi j The Kronecker delta.
γ The ratio of specific heats.
A Area vector, m2.
n Face normal vector.
ΓJI Points to a facet which connects node I to J.
ω Angular velocity vector, 1/s.
εki j The Levi-Civita symbol.
ΩI Dual mesh domain.
H Normal vector of the rotation axis.
OP Vector from the rotation axis position
to an arbitrary point P inside domain.
superscripts:
r Property in relative frame.
α Dimension index (x,y,z).
subscripts:
IJ Nodes id
i jkl indices to be used for Levi-Civita symbol {0,1,2}
The primary text heading is boldface and flushed left with the left margin. The spacing between the
text and the heading is two line spaces.
1 Introduction
Simulating rotating effects is a major concern in many applications where fluid dynamics play a
sensitive role. For instance, in turbomachinery, accurate and cost effective simulation of vortex flow
caused by fixed and rotating frames interaction is a widely studied problem. Such machines are ex-
tensively used in many industries including aerospace [1–5], automotive [6–8] ventilation [9], power
generation [10], chemical manufacturing [11], petroleum exploration [12] and others. This demonstrates
the importance of turbomachines optimal design which should be based on a realistic flow simulation.
Many techniques to simulate rotating effects have been developed in the literature including the single
rotating frame method, multiple rotating frame method, sliding mesh method and so on. The multiple
rotating frame (MRF) technique [13, 14], known as well as a frozen-rotor approach in turbomachinery,
is one of the widely used for steady flows simulations. The technique consists of creating a physical
interface between rotating and static parts of the geometry, then solve the Navier-Stokes equations in
a relative frame (associated to the rotating part) and in a stationary frame. Information is transferred
through the interface between different zones. In it current version, the method is not easy to implement
and to use; first of all we need to create the interface at the CAD level which is not always an easy task,
in particular for strongly connected rotating and static parts.Then we need to use a mesher capable to
mesh more than one sub-domain. Note that the interface has no physical meaning, it is created for a
numerical simulation considerations only. Indeed, instead of rotating physically the parts, a change of
reference is applied leading to a resolution of two different sets of equations (in stationary and rotating
frame) at both sides of the interfaces. As a consequence there is no need to any mesh movement, but of
course only steady states could be simulated by such approach. One of major criticism of the method
is that the interface position can affect the results accuracy and convergence [15]. The optimal position
is unfortunately not trivial and could not be accurately defined before running the simulation. There-
fore we may need to adjust the position of the interface at the CAD level and remesh the domain many
times. To overcome these shortcomings, we propose in this paper a simplified version (algorithm) of
the MRF, we refer to it by VMRF (virtual multiple rotating frame). In this version one single mesh is
used and the interfaces are created virtually at the solver level rendering the method in one hand easy to
implement, indeed, no need of different meshes as in the classical MRF, that requires modifying the data
structure of existing codes, and no need to implement interpolation methods at the interface of different
domains. In the other hand, it is very easy to use, since no need to create the interfaces at the CAD level
which could be a tricky task in case of strong connection between rotating and non-rotating parts of the
geometry, and finally any adjustment of the interfaces is straightforward by a simple modification in
the solver input data, therefore no need to modify the CAD and remesh the geometry reducing sensibly
the computational cost. Moreover the VMRF provides a possibility of designing an automatic interface
position adjustment algorithm during simulation.
This work is an extension of a first version published in an ASME proceedings [16]. The extensions
consist of; first, the implementation details of the new algorithm in the context of cell-vertex finite
volume method is provided showing that in this context it is quite straightforward. Then the virtual
interface structure and the impact of mesh resolution is discussed. Finally a validation in three di-
mensional case is performed, which is crucial for the the algorithm to be attractive for a real and
industrial applications, and its extension to viscous flows is implemented and tested on a 2D cen-
trifugal pump. Note that in the conference paper a preliminary 3D test is shown to only demonstrate
that the rotating mechanism is simulated but no validation is achieved. For the validation of the pro-
posed algorithm, both methods, VMRF and the classical MRF (using a multizone approach) are im-
plemented in BBIPED (Bcam-industrial platform for engineering design), a CFD opensource platform
being developed using open source SALOME (grid generator) [17] and SU2 (CFD solver) [18] as li-
brary (http://www.bcamath.org/en/research/lines/CFDMS/software). Numerical tests are performed and
results of both methods are compared. In some cases commercial code results and experimental data are
provided.
2 Governing Equations
For the sake of simplicity only the Euler formulation will be used even if for the testing part of the
paper the proposed algorithm is extended to viscous flows. The averaged equations governing three
dimensional compressible inviscid flow are formulated relative to a Cartesian (x1,x2,x3) coordinate








~Fα(~Q)~nαdS for α = 1, 2, 3 (1)
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where ρ and p denote the averaged density and pressure of the fluid respectively and E = e+ 12(uαuα)
is the total energy per unit mass, with e being the internal energy per unit mass for the fluid, uα is the
averaged velocity of the fluid in direction xα and δα,i is the Kronecker delta.
The equation set is closed by the addition of the ideal gas equation of state (i.e. p = ρ(γ−1)e, where
ρ is the density and γ is the ratio of specific heats). Steady state solutions of the resulting equation set
are defined in a fixed spatial computational domain Ω.
3 Numerical Discretisation
To discretize the Euler equations described above a cell-centred finite volume method is used. In the
following we give a short review of the method and for more details see [19].
On the generated consistent mesh, nodes are located at the vertices of the elements and the spatial
discretisation of equation (1) is accomplished by using a cell vertex finite volume method [19]. This
requires the construction of a dual mesh, in which each cell is associated with a single node of the primal
mesh. For those regions in which the primal mesh consists only of isotropic tetrahedral cells, a median
dual mesh is built by connecting cell edge midpoints, cell centroids and cell face centroids, such that
only one node is present within each dual mesh cell [20–22]. With this strategy, each node I of the
domain mesh is associated with a volume ΩI of the dual mesh. The boundary surface of such volume is
denoted by ΓI . Each edge of the domain mesh is associated with a segment of the dual mesh interface
between the nodes connected to the edge. This segment is a surface built from triangular facets, where
each facet is connected to the midpoint of the edge, a neighboring element centroid and the centroid of
an element face connected to the edge, as illustrated in Fig. 1 (a). The midpoint of the edge between
node I and J is denoted by ~xIJm , the centroid of the face with vertices I,J and K is denoted by ~x
IJK
s and
the element centroid is designated by ~xc. The bold lines on the dual mesh in this figure illustrate the
boundaries between the edges in which the dual mesh segment is associated with. For this dual mesh
definition, the volume ΩI can be viewed as being constructed in terms of a set of tetrahedra, as illustrated
for a typical interior node I in Fig. 1 (b). The surface of the dual mesh cell surrounding node I is defined
in terms of the closed set of planar triangular facets ΓKI , where each facet only touches a single edge of
the domain mesh. The set of facets matching the edge between nodes I and J is denoted by ΓIJ .
In general, the median dual approach cannot be used for the hybrid elements produced by merging the
stretched tetrahedra generated by the advancing layers method. This is because cells created in this
way may be warped so severely that a vertex can lie outside the corresponding median dual cell. This
may occur in regions of high curvature or at the interface between the hybrid and isotropic meshes. To
overcome this problem, the information contained in the primal tetrahedral mesh is used to ensure that
topology of the control volume cells is valid [20,23]. Equation (1) is applied to each cell ΩI of the dual
mesh. To perform the numerical integration of the inviscid fluxes over the surface ΓI of this cell, a set of
coefficients is calculated for each edge using the dual mesh segment associated to the edge. The values










is the area vector of facet ΓKI and n
α
ΓKI
is the component, in direction xα, of the outward unit
normal vector of the facet from the viewpoint of node I. The integral of the inviscid flux over the surface
















is a consistent numerical inviscid flux function and
qIJ = nαIJ (uα)I (6)
is the velocity in the direction of the edge connecting nodes I and J. The fluxes are estimated using a
second order HLLC Riemann solver and indefinitely differentiable limiters as in [24,25]. For low Mach,
however, the code switches automatically to Roe-Turkel solver [26] which uses a local preconditioning
in order to obtain a truncation error depending only on h not h/M making the solution more stable. The
solution is advanced in time to steady state using an explicit multi-stage Runge Kutta procedure and an
implicit time stepping with biconjugate gradient stabilized solver. The convergence is accelerated by
the use of local time stepping and by the addition of an agglomerated multigrid process.
4 Multi-zones approach for multiple rotating frame method (MRF)
Before describing the proposed VMRF algorithm, first we give a short reminder of the Multiple
Rotating Frame (MRF) [13, 18] approach and its implementation through the Multi-zones domain de-
composition technique. Note that actually the flow for such problems is unsteady due to the existence of
fixed (ex. volute) and rotating parts (ex. rotor) simultaneously in the domain. The MRF technique how-
ever, by putting the observer on the rotating axis, allows to view the problem as steady. The observer
of the rotating domain will feel a steady state so any unsteadiness in boundaries violates the validity
of the MRF assumption [27]. Therefore the definition of the interface which is the outer boundary of
the rotating part is very important and misplacing it may lead to divergence or appearance of non phys-
ical phenomena [28]. This approach consists of defining an axisymmetric sub-domain containing the
rotating part endowed with a relative frame. The Euler equations are expressed in the relative frame
to simulate rotating parts (in which they are considered static), while a stationary frame is used for the
rest of the domain. A steady transfer of information is made through the interface separating the two
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where εijk is Levi-Civita symbol and r superscript refers to the relative frame. ω is the angular velocity
vector and x is the Cartesian position vector of the cell, Pr e, Ur denote the averaged density, pressure,
total energy and velocity of the fluid in the rotating frame respectively. 2εαi jωur and εαklε
k
i jωix jωl are
the Coriolis and centripetal forces respectively.
The multi-zones strategy to implement the MRF method, consists on splitting the geometry into several
zones meshed independently and communicate through interfaces by variables or fluxes exchange. Note
that this approach allows to handle many complex situations and not restricted to the case of rotating
parts of a given geometry. Back to the MRF case, the interface vertices belong to two different zones,
rotating and stationary. The control volume for duplicated vertices (on the interface) should be the same,
resulting in an automatic matching of the solution of both zones. In Fig. 2 the residual of the lower part
of the control volume is calculated by the lower zone and the upper part by the upper zone without
shared information, then these residuals are added to both zones. We refer to this approach as the flux
exchange scheme. In the second approach the residual of each part is calculated taking into account the
dotted faces (in Fig. 2) which brings information from the other zone and updated independently. The
conservative variables values are exchanged (at the dotted faces) implicitly between the two parts of the
control volume. In this approach it is not guaranteed that the flow properties on common nodes to be
identical. The advantage of this approach is that each zone preserves its autonomy and also it is suitable
for zones that have common faces but not necessarily common nodes. This situation always happens in
sliding meshes or mixing planes or in some overset grids approaches. We refer to this approach as the
variable exchange scheme.
5 Virtual Multiple Rotating Frame (VMRF)
As mentioned in the introduction, the MRF method described above is not easy to implement and to
use since it requires creating boundaries (representing the interfaces) at the CAD level which could be
a tricky task in many cases where the rotating parts are connected in a complex way to stationary parts.
The mesher used should be able to generate a grid with more than one closed domain and this could
not be achieved by meshers using a simple Delaunay strategy for instance. Even if nowadays moderm
meshers could achieve such a task, it is still not the case for many simple mesh generators. Finally and
maybe the most restricting drawback is the need of remeshing when the interface is not correctly located
or defined since the CAD needs to be modified. This results in a sensitive increase of the computational
cost. To simplify the method and avoid all these constraints, we propose a new algorithm to achieve
the MRF technique by building a virtual interface at the solver level rather than a physical interface
at the CAD level. The virtual axisymmetric (Fig. 3) zone containing the rotating domain is defined
at the solver input and no need to split the mesh. Providing nodes location, and rotating axes, curves
are created by a simple linear interpolation, then the virtual zone is obtained by revolving the curve as
follows: Let f and g two interpolated curves as in (Fig. 3) and L the height of the zone, let a and b
define by
a = OPi Hi ⇒ b =
√
(OPi−aHi)(OPi−aHi) (10)
where H represents the rotation axis, O the rotating center, and P an arbitrary point, the relative coordi-
nate being OP. The node is inside the zone if and only if
f (a)< b < g(a) and a < L
For the simulations performed in this work curves are straight lines, the virtual zone is then a cylinder
and no need to provide nodes location but only rotating axes, center and the height of the cylinder.
Note that complex interfaces could be obtained by simply assembling simple geometries like cylinders,
cones, spheres and so on.
5.1 VMRF for the cell-centred finite volume
In this subsection, the VMRF in the context of cell-centred and edge-based finite volume method
is described. Recall that for this method fluxes are computed by looping on edges only. Therefore,
the virtual interface is easily and entirely identified by edges that have one vertex in the rotating zone
(cylinder) and the other outside as in Fig. 4. Consequently, only these edges need a special treatment
to exchange fluxes. In another hand, the actual virtual interface is not the one defined by the user,
which serves only as a guide to locate the nodes belonging to the rotating zone. It is the one obtained by
assembling patches (Fig. 5) of the dual cells. As a results, the assembled virtual interface is not perfectly
axisymmetric, this could be fixed for instance by refining the grid around this surface. However, and as
we will see in the testing section, this is not necessary and has no influence on results.
Let’s now give some more technical details of the methods. Recall that for the edge-based cell-
centred finite volume method, to estimate the fluxes we loop on the edges and compute the contribution
of each dual patch to the corresponding connected nodes by adding and subtracting. For edges that cross
the interface two fluxes however are computed since one node is rotating and the other is static. This
is done by converting the momentum and energy between the two frames. The momentum is converted
by a simple frame change as fellows,
Va =Vr +ur (11)
Where Va is the velocity in the absolute (static) frame, Vr the relative velocity (the velocity in the rotating
frame) and ur = ω× x is the frame rotating velocity. As for the energy this is less straightforward, but
could be put in a simple formula as fellow,













(V 2r −u2r ) (12)
By identification we get
Ea = Er +
1
2
(V 2r −V 2a −u2r ) (13)
By using (11) we obtain
Er = Ea−
−→Va.−→ur (14)
Finally Coriolis and Centripetal forces are added to the Euler equations for nodes belonging to the virtual
zone as a source term.
Note that for the rotating zone the absolute formulation of the Euler equation is used instead of (7),
this is easier to implement especially in the case of Navier-Stokes equations since the viscous terms




Another important issue is the extension of the method to incompressible flows. The more straight
forward way to achieve such extension is to use the Pseudo-compressibility formulation, in this case
the equations still on the same nature, avoiding solving an elliptic problem for the pressure which will
require to derive an adapted formulation for the VMRF. This means we solve the same equation (15)
with a constant density and the continuity equation is kept where the density is replaced by P/β2, with
P beying the static pressure and β the artificial compressibility constant, see [29] for details.
Let’s now summarize the VRMF algorithm in the context of edge-based cell-vertex finite volume
method
The Algorithm:
1. Identify the nodes belonging to the rotating domain as described above
2. When looping on edges
(a) Identify those for which both nodes are not rotating and do no modifications
(b) Identify those for which both nodes are rotating and only add Coriolis and centrifugal forces as
source term without any change to the fluxes
(c) Identify those for which one node is rotating and one is not rotation then transfer the fluxes
by converting the momentum and energy from the rotating frame to the absolute one and vice
versa.
6 Numerical tests
To assess and validate the proposed VMRF algorithm a 2D and 3D test cases are considered. A
2D first test case is designed to include all basic aspects of turbomachinery including rotating fan, fixed
volute and mixing zone with high speed free stream (see Fig. 6). The 3D test case concerns the study of
the aerodynamic behaviour of the well known HAWT (horizontal axis wind turbine) NREL Phase VI.
This wind turbine was widely simulated showing the high complexity of the fluid behaviour (Fig. 9),
and still a challenging numerical test to accurately match experimental data [30, 31]. For the last test
case, the VMRF is extended and implemented for viscous flows, and a centrifugal pump is simulated to
assess the behaviour of the new algorithm in the case of rotor-stator interaction with a small gap between
the impeller blades and diffuser vanes. Note that even if some results are compared to a commercial
code and experimental data, the main objective of the tests is not to assess the performance of the MRF
method which is widely studied in the literature, but to demonstrate that the new VMRF algorithm
(that implements MRF),is providing the same accuracy as the MRF technique inheriting its well known
positive and negative points, while bringing the various practical advantages developed along this paper.
For visualization the opensource PARAVIEW is used.
6.1 Inviscid flow
6.1.1 2D case
This test consists of a rotating blades in a cavity representing a volute. The goal is to assess the
behaviour of the VMRF compared to the MRF for a complex flow resulting from an interaction of a
rotation fan with a close wall. For the simulation, the inlet (left side surface of the geometry) Mach
number is set to 0.6, the fan angular speed is set to 150 rad/s. The right and top sides are considered
as far-field, and the bottom side and the blades as walls on which slip condition is imposed. The flow
is assumed to be inviscid and compressible. The domain is discretized by a full unstructured quads
mesh containing 5889 nodes for the VMRF method and 5983 for the MRF. The simulation is repeated
using VMRF, Multizone MRF implemented in BBIPED and Ansys-Fluent v. 14.5 (using MRF) [32]
respectively. Due to the interaction of the free stream and the rotating fan a complex flow is observed
which is depicted using streamlines and Mach contours in Fig. 6. The pressure contours of VRMF
and Fluent are qualitatively compared in Fig. 7. for a quantitative comparison, the pressure distribution
is extracted from a horizontal line (horizontal white line in Fig. 6), then it is plotted in Fig. 8. These
figures show a good agreement of both VMRF and Multi-zone-MRF with the highly reliable commercial
software Ansys-Fluent. Note that the slightly difference between the used meshes for MRF and VMRF
(because we have two meshed zones for the first and a single mesh for the second) can explain the small
discrepancy between the two algorithms. Indeed, the virtual interface, as we mentioned in the paper, is
actually formed by patches of the dual mesh and then it is not a smooth surface. However, when we
match the meshes as we can see in the next tests, the virtual interface coincides with the physical one
(smooth surface/curve) and results perfectly agreed.
6.1.2 3D case
To validate the new algorithm in the 3D case, the NREL Phase VI wind turbine is selected. This is
designed using a 5.5 m twisted blades with S809 airfoil. The tower is excluded in the CFD simulations
since the turbine is upwind type and then this exclusion has no big effect on rotor aerodynamics calcula-
tions. The simulation conditions are; blades rotate at 72 rpm and the wind speed is set to 10.3 m/s. Note
that these conditions are enough to cause stall, particularly at the middle of the blades. Since we deal
with a low Mach flow, elliptical nature of the regime forces us to use a large domain to minimize the
boundary effects on our results. The virtual rotating zone containing the blades is a cylinder as shown in
(Fig. 10). The used mesh contains 272463 nodes and 1384084 elements. The blades are discretized with
a structured grid to better capture curvatures, and unstructured grid is used for the rest of the domain
(See Fig. 11). For this test case we arranged to have a perfectly matched meshes for both algorithms.
A far-field boundary condition is imposed to the cylinder domain, and slip condition is imposed to the
blades. As in the previous test, the problem is solved with both VMRF and the classical Multi-zone-
MRF algorithms. The cp curves at different sections (r/R = 30 %,r/R = 63.3 % and r/R = 95 % ) are
shown in Fig. 12 for both approaches. we can see that we have a perfect agreement of the curves, which
demonstrate the validity of the new algorithm. Note that and as we claimed in this paper, there is no
need to refine the mesh in order to define a smooth virtual interface. Indeed and as we can see in Fig.
11 the mesh is quite coarse at the virtual interface location.
Finally and despite that we simulated inviscid flow and it is not the goal of the paper, we find it worth
to show a comparison of the VRMF to experimental data that are, and as we mentioned before, very
difficult to match because of the stall problem. It is reported in ( [30]) that the provided airfoil profile
has a truncated trailing edge so there are two pressure values at approximately the same location. The
obtained results shown in Fig. 13, are comparable to ones published in [30] and [33] and of course by
solving the full Navier-Stokes we expect get better results.
6.2 Viscous flow
For the last test and to validate the new algorithm for viscous flows and in the case of rotor-stator
interaction with a small gap, the method is first extended and implemented for viscous flows. Then
a 2D simplified model of an unshrouded centrifugal pump is selected. This is a seven blades and a
radial vaned diffuser with 12 vanes pump presenting a small radial gap between the impeller blades and
diffuser vanes, see Fig. 14. This small gap results in a highly unsteady flow. Of course in our case the
flow is considered steady and the goal is to compare the VMRF and MRF in such extreme conditions.
The simulation is performed for the rotating speed of 2000 rpm, and inlet (inner circle) velocity of 12.5
m/s. The domain is inscribed in a circle of 35 centimetre radius considered as far-field. Spalart-Allmaras
turbulence model is used. Unstructured single mesh is generated for the VMRF algorithm containing
17993 nodes and a two zones unstructured mesh of 18167 nodes is generated for the MRF algorithm.
Fig. 15 shows a zoom on the MRF and VMRF meshes, we can see that the physical interface is replaced
by a virtual one for the VMRF that crosses the mesh elements which could complicate the method if
an element centred finite volume is used since we will need to track the surface to estimate the fluxes.
However for the cell-vertex method we use in this paper, this is naturally handled, as we mentioned
before, by the dual mesh and no need to track the virtual surface. The streamlines of both methods are
depicted in figures Fig. 16 and Fig. 17 for non-matched and matched meshes, this is visualized by using
the line option in PARAVIEW, and we selected two lines that is why only two recirculation zones are
appearing. The results show a quite identical solutions for the matched meshes and small difference
is noticeable for the non-matched one, due indeed to the mesh difference as in the previous tests. To
complete the comparison pressure profiles along a curve located on the impeller outlet midspan are
depicted for both methods and shown in Fig. 18. The results confirm the perfect agreement for matched
meshes and a small discrepancy but good agreement for non-matched meshes. We finally conclude that
the VMRF is reproducing the MRF results in a reliable way as demonstrated by the different kind of
simulations we performed in this work.
7 Conclusions
In this paper a new algorithm (VMRF) to simulate flow in rotating machines like turbomachinery is
proposed. This is based on a modification of the well known multiple rotating frame (MRF) by building
a virtual interface between the rotating and stationary parts of the domain using a single mesh, rather
than creating interfaces at the CAD level and decomposing the domain in many meshed zones. The
virtual interfaces are defined at the solver level by the mean of revolving curves or elementary geomet-
rical shapes. This turns the method much more easy to implement and to use, avoiding tricky tasks
when building CAD interfaces for close and complex parts connections. Moreover no need to CAD
modification and re-meshing when some interface adjustments are necessary (which usually happen)
since this is done at the solver level by a small modification of the input file. And no need to generate
many sub-meshes. This obviously reduces sensibly the processing time of the simulations and effort.
This could as well open a door to some automatic algorithms for interface location adjustment during
simulation.
The algorithm is explained in details in the context of cell-vertex finite volume method. It is imple-
mented in BBIPED, a BCAM CFD platform and for the sake of validation the classical MRF using a
multizone approach is implemented as well. A 2D fan and pump and 3D wind turbine tests cases are
simulated demonstrating that the new algorithm despite its simplicity gives exactly the same answers as
the MRF one, which makes it very attractive especially for industrial applications.
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(a) (b)
Fig. 1: (a) Illustration of the part of the dual mesh cell surrounding node I within a
tetrahedral cell. (b) Illustration of the dual mesh cell surrounding an internal node I.
Fig. 2: Control volumes on matching nodes at the interface
v
Fig. 3: Example of interfaces obtained by revolving curves
Fig. 4: Control Volume on virtual zones at the interface
Fig. 5: The dual-cell interface separating rotating and static zones




Fig. 7: Pressure profile comparison: (a) FLUENT, (b) BBIPED.
Fig. 8: Pressure profiles comparison along an arbitrary line
Fig. 9: Velocity field
Fig. 10: The virtual interface separating the rotating blades from the rest of the domain





























































































































































Fig. 13: Comparison VMRF vs Experimental data
Fig. 14: 2D simplified model of a centifugal pump
(a) (b)
Fig. 15: Used mesh: (a) two zones MRF mesh, (b) single VMRF mesh
(a) (b)
Fig. 16: Streamlines on non-matched meshes : (a) MRF results, (b) VMRF results
(a) (b)
Fig. 17: Streamlines on matched meshes : (a) MRF results, (b) VMRF results
Fig. 18: Pressure profiles comparison along the impeller outlet midspan: VMRF vs
MRF
